Introduction
Over recent years, the importance of controlling the level of environmental pollutants in natural waterways and potable water has generated increasing interest in the development of novel sensors for the detection of heavy metals. The use of ionselective electrodes (ISEs) for the detection of lead has received much interest, and many ligands have been investigated as sensing agents in electrodes based on ionophore-doped poly (vinyl chloride) (PVC) membrane. 1 Yang et al. 2 have recently reported the use of diazacrown ethers bearing double armed thenoyl and thiopheneacetyl groups as potential selective agents for Pb 2+ ion-selective membranes. Acyclic amides and oxamides have also been investigated as potential ionophores for lead. 3, 4 Kamata and Onoyama 5, 6 used acyclic dithiocarbamates as ionophores for Pb 2+ ISEs. Jabar et al. 7 have introduced liquid ion-exchange membranes incorporating the tetraphenylborate salts of nonionic surfactant polyoxylates for the preparation of lead-selective sensors. Sheen and Shih 8 have reported the use of crown ethers as lead-selective agents. We have recently prepared some leadselective membrane electrodes based on various crown ether derivatives. [9] [10] [11] In this paper, we report the use of hexathia-18-crown-6-tetraone (HT18C6TO) as an excellent neutral carrier in construction of a lead-PVC membrane electrode.
Experimental

Reagents
Reagent grade dibutyl phthalate (DBP), dioctyl phthalate (DOP), nitrobenzene (NB), acetophenone (AP), high relative molecular weight PVC, oleic acid (OA) and tetrahydrofuran (THF) were purchased from Merck Chemical Company and used as received. HT18C6TO (BDH) and dimethylsulfoxide (DMSO, BDH) were used as received. Reagent grade nitrate salts of the cations used (all from Merck) were of the highest purity available and were used without any further purification except for vacuum drying over P2O5. Triply distilled deionized water was used throughout.
Electrode preparation
The general procedure to prepare the PVC membrane was to mix thoroughly 60 mg of powdered PVC, 120 mg of AP and 10 mg of additive OA in 5 ml of THF. To this mixture was added 10 mg of ionophore HT18C6TO, which was already dissolved in 0.5 ml of DMSO, and the solution was mixed well. The resulting mixture was transferred into a glass dish of 2 cm diameter. The solvent was evaporated slowly until an oily concentrated mixture was obtained. A Pyrex tube (8 -10 mm o.d. on top) was dipped into the mixture for about 10 s so that a nontransparent membrane of about 0.3 mm thickness was formed. The tube was then pulled out from the mixture and kept at room temperature for about 1 h. The tube was then filled with internal filling solution (1.0 × 10 -3 M Pb(NO3)2). The electrode was finally conditioned for 24 h by soaking in a 1.0 × 10 -2 M solution of lead nitrate. A silver/silver chloride coated wire was used as an internal reference electrode.
Emf measurments
All emf measurements were carried out with the following assembly:
Ag Activities were calculated according to the Debye-Hückel procedure. 12 
Results and Discussion
In preliminary experiments, the ionophore HT18C6TO was used as a neutral carrier to prepare PVC membrane ion-selective electrodes for a wide variety of metal ions, including alkali, alkaline earth, transition and heavy metal ions. The potential responses of the present ion-selective electrode to various ions are shown in Fig. 1 . As seen, among these cations, those of hard acid character (i.e. alkali, alkaline earth ions) 13 show negligible response, due to their weak interaction with the six sulfur atoms of the carrier as soft base. On the other hand, the metal ions of soft acid character (i.e. Ni 2+ , Zn 2+ , Cu 2+ , Cd 2+ , Tl + , Ag + and, especially, Pb 2+ ) show the most sensitive potential response in the series, among which Pb 2+ provides the most suitable ionselective electrode. It is thus obvious that the Pb 2+ ions are more easily attracted to the PVC-HT18C6TO membrane, which results in a Nernstian response over a wide concentration range.
It is well known that the sensitivity and selectivity of the ionselective sensors not only depend on the nature of ionophore used, but also significantly on the membrane composition and the properties of plasticizers and additives used. [9] [10] [11] [14] [15] [16] Thus, the influences of the membrane composition, the nature and amount of plasticizer and amount of oleic acid as a suitable lipophilic additive [9] [10] [11] [17] [18] [19] [20] [21] [22] [23] [24] on the potential response of the Pb 2+ sensor were investigated; the results are summarized in Table 1 . It is seen that, among four different solvent mediators used, the use of 60% AP in the presence of 5% ionophore and 5% oleic acid (No. 14, Table 1 ) results in the best sensitivity, with a Nernstian slope of 29 mV per decade over a wide concentration range. It is well known that the presence of lipophilic additives in ISEs not only diminishes the ohmic resistance 25, 26 and enhances the response behavior and selectivity, 16, 27 but also, in cases where the extraction capability is poor, increases the sensitivity of the membrane electrodes. 28 The concentration of the internal solution Pb(NO3)2 in the electrode was changed from 1. does not cause any significant difference in the potential response, except for an expected change in the intercept of the resulting Nernstian plots. A 1.0 × 10 -3 M concentration of the internal Pb(NO3)2 solution is quite appropriate for smooth functioning of the electrode system.
Optimum conditioning time for the membrane sensor in a 1.0 × 10 -2 M lead nitrate is 24 h. It then generates stable potentials when placed in contact whit Pb 2+ solutions. The average time required for the membrane sensor to reach a potential within ±1 mV of the final equilibrium value after successive immersion of a series of lead ion solutions, each having a 10-fold difference in concentrations, was measured. The static response time thus obtained was ~40 s for concentrations ≤1.0 × 10 -4 M. The standard deviation of ten identical potential measurements was ±0.2 mV. The membrane sensor prepared could be used for at least 2 months without any measurable divergence.
The emf response of the membrane at varying concentrations of lead ion indicates a rectilinear range from 1.0 × 10 -6 to 8.0 × 10 -3 M. The slope of the calibration curves was 29 ± 1 mV per decade of Pb 2+ concentration. The limit of detection, evaluated from the intersection of the two extrapolated segments of the calibration graph, was 8.0 × 10 -7 M.
The pH dependence of the potentials of the proposed electrode for 1.0 × 10 -3 M lead was tested over the pH range 2.0 -8.0 and the results are depicted in Fig. 2 . The potential response remains almost constant over the pH range 2.0 -6.0, beyond which a gradual change in potential is observed. The observed drift at higher pH values could be due to the formation of some hydroxy complexes of Pb 2+ ion in solution.
The most important characteristic of a membrane sensor is its response for the primary ion in the presence of the other cations. This is measured in terms of the potentiometric selectivity coefficient (K ) which was evaluated graphically by the fixed solution method 29, 30 from potential measurements on solution containing a fixed concentration of Pb 2+ (1.0 × 10 -5 M) and varying amounts of the interfering ions (M n+ ) according to Eq.
(1)
where E1 and E2 are the electrode potentials for the solution of Table 2 . From the data given in Table 2 , it is obvious that, except with Hg 2+ ion, the selectivity coefficients of cations tested are in the order of 8.0 × 10 -3 M or smaller, which seems to indicate that these metal ions exert negligible disturbances on the functioning of the Pb 2+ membrane sensor. The selectivity coefficient for mercury ion is somewhat larger (i.e. 1.5 × 10 -2 ). Evenso, it should be noted that an even more severe interference effect from Hg 2+ and some other cations on the functioning of other Pb 2+ selective electrodes has been reported in the literature.
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The practical utility of the proposed membrane sensor was tested by its use as an indicator electrode for the titration of 10 cm 3 of 1.0 × 10 -3 M concentrations of Pb 2+ ions with a 1.0 × 10 -2 M potassium chromate solution; the results are shown in Fig. 3 . As seen, the amount of lead ions in solution can be accurately determined from the resulting neat titration curve providing a sharp end point. The electrode was also successfully applied to the direct determination of lead in local spring waters from the Calsimine lead and zinc mines (Dandi, Zanjan, Iran). The lead content obtained from four replicate measurements (22.1 ± 0.3 ppm) was found to be in satisfactory agreement with that obtained by atomic absorption spectrometry (22.3 ± 0.2 ppm). ion on the potential response of the Pb 2+ ion-selective electrode. The pH was adjusted by either HNO3 or NaOH. 
